Objective-Cholesterol metabolism is a dynamic process involving intracellular trafficking, cholesterol esterification, and cholesterol ester hydrolysis. Our objective was to identify genes that regulate macrophage cholesterol metabolism. Approaches and Results-We performed quantitative trait loci mapping of free and esterified cholesterol levels and the ratio of esterified to free cholesterol in acetylated low-density lipoprotein-loaded bone marrow-derived macrophages from an AKR×DBA/2 strain intercross. Ten distinct cholesterol modifier loci were identified, and bioinformatics was used to prioritize candidate genes. The strongest locus was located on distal chromosome 1, which we named Mcmm1 (macrophage cholesterol metabolism modifier 1). This locus harbors the Soat1 (sterol O-acyltransferase 1) gene, encoding Acyl-coenzyme A:cholesterol acyltransferase 1 (ACAT1), which esterifies free cholesterol. The parental AKR strain has an exon 2 deletion in Soat1, which leads to a 33 amino acid N-terminal truncation in ACAT1. CRISPR/Cas9 editing of DBA/2 embryonic stem cells was performed to replicate the AKR strain Soat1 exon 2 deletion, while leaving the remainder of the genome unaltered. DBA/2 stem cells and stem cells heterozygous and homozygous for the Soat1 exon 2 deletion were differentiated into macrophages and loaded with acetylated low-density lipoprotein. DBA/2 stem cell-derived macrophages accumulated less free cholesterol and more esterified cholesterol relative to cells heterozygous and homozygous for the Soat1 exon 2 deletion. Conclusions-A Soat1 deletion present in AKR mice, and resultant N-terminal ACAT1 truncation, was confirmed to be a significant modifier of macrophage cholesterol metabolism. Other Mcmm loci candidate genes were prioritized via bioinformatics. Visual Overview-An online visual overview is available for this article. recently, it was thought that multiple cytosolic neutral cholesterol hydrolases were responsible for CE hydrolysis; however, recent studies have identified an acid hydrolase, lysosomal acid lipase, as a significant contributor to CE hydrolysis in multiple cell types including macrophages. 7 Autophagy mediates the lysosomal acid lipase-driven hydrolysis of lipid droplet CE. Work in our laboratory confirmed the role of lysosomal acid lipase and autophagy in macrophage CE hydrolysis, and further, we demonstrated that macrophage autophagic flux is impaired in atherosensitive DBA/2 mice. Here, we use quantitative trait locus (QTL) mapping to identify candidate genes that regulate cholesterol metabolism in bone marrow-derived macrophages (BMDMs) derived from an AKR×DBA/2 F4 strain intercross. AKR and DBA/2 mice differ substantially in their susceptibility to atherosclerosis, where DBA/2 apoE −/− mice develop ≈ 10 times larger aortic root lesions than AKR apoE −/− mice, and cultured BMDMs from DBA/2 versus AKR mice accumulate much more CE after cholesterol loading with acetylated LDL (acLDL).
T he pathobiology of atherosclerosis is complex, but macrophage foam cells are recognized as central players. 1 Foam cells are cholesterol-laden macrophages that accumulate in the arterial intima during atherosclerosis pathology where they increase plaque burden and drive local inflammation. Foam cells store excess cholesterol as cholesterol esters (CE) in cytosolic lipid droplets, which must be hydrolyzed to unesterified or free cholesterol (FC) in order to be effluxed from the cell. 2 In an atheroprotective process known as reverse cholesterol transport, FC is effluxed to apolipoprotein A1 or high-density lipoprotein and trafficked to the liver for processing. In the context of atherosclerosis, this process can be thought of as macrophage reverse cholesterol transport, as macrophages harbor the bulk of cholesterol in early lesions. 3 Foam cell CE hydrolysis is thought to be the rate-limiting step in macrophage reverse cholesterol transport. 4 Macrophages can uptake modified forms of low-density lipoprotein (LDL) via scavenger receptors, which are trafficked to the lysosome for degradation. After LDL degradation, FC is released from the lysosome and enters the CE cycle, with esterified cholesterol stored in lipid droplets, which can undergo rehydrolysis back to FC. 5 CE synthesis is catalyzed by acylcoenzyme A:cholesterol acyltransferase (ACAT) enzymes, of which there are 2 isoenzymes: ACAT1 and ACAT2, encoded by the Soat1 and Soat2 (sterol O-acyltransferase) genes, respectively. ACAT1 is the major isoenzyme expressed in macrophages, and importantly, ACAT1 is robustly expressed in foam cells present in atherosclerotic plaque. 6 Until relatively recently, it was thought that multiple cytosolic neutral cholesterol hydrolases were responsible for CE hydrolysis; however, recent studies have identified an acid hydrolase, lysosomal acid lipase, as a significant contributor to CE hydrolysis in multiple cell types including macrophages. 7 Autophagy mediates the lysosomal acid lipase-driven hydrolysis of lipid droplet CE. Work in our laboratory confirmed the role of lysosomal acid lipase and autophagy in macrophage CE hydrolysis, and further, we demonstrated that macrophage autophagic flux is impaired in atherosensitive DBA/2 mice. 8 Here, we use quantitative trait locus (QTL) mapping to identify candidate genes that regulate cholesterol metabolism in bone marrow-derived macrophages (BMDMs) derived from an AKR×DBA/2 F4 strain intercross. AKR and DBA/2 mice differ substantially in their susceptibility to atherosclerosis, where DBA/2 apoE −/− mice develop ≈ 10 times larger aortic root lesions than AKR apoE −/− mice, and cultured BMDMs from DBA/2 versus AKR mice accumulate much more CE after cholesterol loading with acetylated LDL (acLDL). 9 Our aim was to discover genes that play causal roles in macrophage cholesterol metabolism, which could become future targets for cardiovascular disease therapeutics. We discovered numerous macrophage cholesterol metabolism modifier (Mcmm) QTLs, most notably a highly significant QTL at the distal end of chromosome 1 (Mcmm1) that modulates macrophage levels of FC, CE, and the CE/FC ratio after acLDL loading. Mcmm1 harbors the Soat1 gene. This gene has previously been shown to have a deletion in the AKR strain, leading to an N-terminal truncated ACAT1 protein, but the truncation did not alter ACAT1 activity. 10 Here, we used CRISPR/Cas9 to create this Soat1 deletion in DBA/2 embryonic stem (ES) cells. acLDL-loading studies performed on macrophages differentiated from these ES cells validated Soat1 as the causal cholesterol metabolism modifier gene at the Mcmm1 locus. Additionally, candidate genes at other QTLs were prioritized using a combination of bioinformatics and previous BMDM cis-expression QTL (ciseQTL) data from AKR×DBA/2 F2 crosses. Genes involved in autophagy or lysosome function were among some of the top candidates, most notably, Vps39 (vacuolar protein sorting 39), which is implicated in autophagosome-lysosome fusion.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Highly Significant QTL for Cholesterol Metabolism Phenotypes Maps to Chromosome 1
Our previous study revealed that DBA/2 macrophages accumulate approximately twice as much CE as AKR cells, whereas AKR macrophages accumulate approximately twice as much FC after acLDL loading, amounting to an ≈ 3-to 4-fold strain difference in CE/FC ratio. 8 BMDM from 122 AKRxDBA/2 F4 mice were treated with AcLDL, and we measured their FC and CE levels normalized to cell protein, as well as their CE/FC ratio. There was no significant effect of sex on these phenotypes, so we combined data from the male and female BMDMs. There was a broad range of FC and CE values for the F4 mice, which were normally distributed ( Figure 1A and 1B). Since the CE/FC ratios were not normally distributed, a square root transformation was performed to achieve a normal distribution ( Figure 1C ). After genotyping using a high-density SNP microarray ( Figure I in the online-only Data Supplement), we performed QTL mapping of these BMDM cholesterol phenotypes ( Figure 2 ).
Ten distinct macrophage cholesterol metabolism QTLs were identified, and they were named Mcmm1 to Mcmm10 (macrophage cholesterol metabolism modifier) scanning left to right across the genome in accordance with Mouse Genome Informatics nomenclature conventions (Table) Figure 3 ).
There was a strong gene dosage effect of Mcmm1 on FC, CE, and CE/FC ratio, with the DBA/2 allele at this locus associated with lower FC ( Figure 4A ) and higher CE and CE/FC ratio ( Figure 4B and 4C 
N-Terminal Truncation of ACAT1 Protein Alters Macrophage Cholesterol Metabolism and Is Causal for the Mcmm1 QTL
Mcmm1 harbors 34 genes ( Table I in the online-only Data Supplement), most notably Soat1, which maps to 158.36 Mb. Soat1 codes for the ACAT1 protein, an endoplasmic reticulum integral membrane protein that catalyzes esterification of FC to CE. AKR mice are known to harbor a 33 amino acid N-terminal truncation in ACAT1. 10 The Wellcome Trust Sanger Institute database documents a 6818-bp deletion (chr1:158394619-158401436) in the Soat1 gene that extends from a site in the first intron to a site in the second intron, leading to the deletion of exon 2, which is responsible for a 118-bp mRNA deletion ( Figure 5A ; Figure III in the online-only Data Supplement). 11 Our previous AKR×DBA/2 strain intercross demonstrated that Soat1 has a strong BMDM expression QTL controlled in cis (cis-eQTL) with an LOD score of 23.2, with the DBA/2 strain expressing more Soat1 mRNA than the AKR strain. 12 We performed follow-up studies on Soat1, the strongest Mcmm1 candidate gene. We first confirmed the 118-bp deletion in AKR Soat1 mRNA. cDNA was prepared from AKR and DBA/2 BMDMs, and 3 overlapping polymerase chain reaction (PCR) fragments were sequenced spanning the complete coding region of the C57BL/6 consensus Soat1 mRNA sequence. The 118-bp deletion in the AKR Soat1 cDNA was confirmed, which corresponds to exon 2 (chr1:158396812-158396929), and there were no other sequence changes in the coding region. Because exon 2 contains the translation initiation codon, the AKR ACAT1 protein translation starts at exon 3, yielding an N-terminal truncated protein missing the first 33 amino acid residues ( Figure 5A ).
To determine whether the Soat1 deletion is responsible for the Mcmm1 QTL for macrophage FC, CE, and CE/FC ratio, we used CRISPR/Cas9 in the DBA/2 ES cell line AC173 to generate a gene deletion almost identical to the AKR Soat1 genomic deletion. Cas9 expressing stably transfected AC173 cells were generated ( Figure IV in the online-only Data Supplement) and cotransfected with 2 guide RNAs to generate double-strand DNA breaks flanking the deletion end points ( Figure 5B ). We screened 48 clonally derived cell lines using a PCR primer set specific for the deleted allele and a primer set specific for the DBA/2 allele. After guide RNA transfection, a pooled culture detected both the DBA/2 and deleted alleles ( Figure 5C ). Thirty-three clonal lines were homozygous for the DBA/2 allele (DBA/DBA), 14 clonal cell lines were heterozygous for the DBA/2 and deleted alleles (DBA/Δ), and 1 clonal line was homozygous for the deleted allele (Δ/Δ; Figure 5C ). We sequenced a genomic PCR product from the Δ/Δ cell line that demonstrated that both alleles contained the same 6619-bp deletion spanning chr1:158394732 to chr1:158401350 ( Figure  V in the online-only Data Supplement). We differentiated the DBA/DBA, DBA/Δ, and Δ/Δ ES cell lines into macrophages, and ES-derived macrophage (ESDM) differentiation was confirmed by uptake of DiI-labeled acLDL ( Figure VI in the online-only Data Supplement). ESDMs became fully differentiated at ≈13 days (Table II in DBA/DBA, DBA/Δ, and Δ/Δ ESDMs were loaded with 50 µg/mL acLDL. Three independent cholesterol mass assay experiments revealed that the engineered 6.6-kb Soat1 deletion significantly altered FC, CE, and CE/FC ratio. Highly significant differences were seen for FC and CE levels, where DBA/DBA ESDM accumulated significantly less FC and significantly more CE than Δ/Δ ESDM ( Figure 6B and 6C) . The DBA/DBA ESDMs had a CE/FC ratio of >2, whereas Δ/Δ ESDMs had a CE/FC ratio of ≈ 1. The DBA/Δ ESDMs had an intermediate phenotype of ≈ 1.5 ( Figure 6D ). The CE/FC differences for DBA/DBA versus Δ/Δ ESDMs and DBA/Δ versus Δ/Δ were highly significant (P<0.001), as was DBA/ DBA versus DBA/Δ (P<0.01). Fluorescent imaging of lipid droplets (CE) provided confirmatory evidence that the ACAT1 N-terminal truncation decreased intracellular CE ( Figure 6E through 6G). These data confirm that the AKR Soat1 deletion of exon 2 is causal in manifesting the strain-divergent cholesterol phenotypes at the Mcmm1 QTL.
Candidate Genes for Mcmm2 to Mcmm10
To prioritize candidate genes for Mcmm2 to Mcmm10, we filtered the top candidates among all genes in these intervals (Table III in the online-only Data Supplement) for the presence of a BMDM cis-eQTL in our previous AKR×DBA/2 intercross, and/or at least one nonsynonymous SNP determined to be deleterious by PROVEAN analysis (Table IV in the online-only Data Supplement). This left us with a group of 174 candidate genes over these 9 QTLs, some of which were associated with cholesterol, autophagy, lysosome, and atherosclerosis in PubMed queries. We cross-referenced the top 174 candidate genes for Mcmm2 to Mcmm10 plus the 34 genes in the Mcmm1 QTL to the human genome-wide association catalog for atherosclerosis-relevant traits such as cholesterol, lipoproteins, and coronary artery disease. We found genome-wide association study matches for the human genes CACNA1E, CST3, DSTN, LRP4, MACROD2, SNX5, MEPE, APOBEC1, STAB2, UTP20, CAMK2B, EHBP1, NPC1L1, PELI1, and DYNC2LI1 (Table V in the online-only Data Supplement).
Mcmm3 is located on chromosome 2 and has a large Bayesian credible interval of 76.28 to 180.09 Mb that harbors 2223 genes. Although this locus is large, it is interesting because it may harbor distinct proximal (near 120 Mb) and distal (near 158 Mb) loci (Figure 3 ). It contains many plausible candidate genes, and it partially overlaps Ath28, an atherosclerosis modifier locus we discovered in previous AKR×DBA/2 intercrosses.
12 Vps39 and Mertk are our top candidates for the proximal region. Lbp and Bpi are our top candidates for the distal region. The remaining Mcmm QTL candidate genes are discussed in the online-only Data Supplement. 
Discussion
Ten macrophage cholesterol metabolism QTLs were discovered from our AKR×DBA/2 strain intercross. The Mcmm1 QTL on distal chromosome 1 had the highest LOD scores for FC, CE, and CE/FC ratio, and it replicated in an independent experiment. Of the 34 genes in this interval, Soat1, encoding ACAT1, was our top causal candidate gene, which we confirmed as the causal gene by CRISPR/Cas9 gene editing in DBA/2 ES cells. As with any QTL, this does not rule out the possibility that other genes in Mcmm1 may also contribute to these phenotypes. ACAT1 is expressed in many tissues, including macrophages, whereas its isoenzyme, ACAT2 (coded for by the Soat2 gene), is expressed almost exclusively in intestinal epithelial cells and hepatocytes. Our previous transcriptomic study showed high expression of Soat1 and low expression of Soat2 in BMDMs from these strains.
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ACAT1 and ACAT2 share sequence homology near the C terminus; however, they differ significantly near the N terminus in both mouse and human.
14 AKR mice are known to harbor a 33 amino acid N-terminal truncation in ACAT1 because of a 6.8-kb genomic deletion in Soat1. The ACAT1 protein truncation in AKR mice was first discovered by Meiner et al, 10 but they demonstrated that the truncated ACAT1 protein did not have diminished esterification activity. Similarly, our previous study of BMDMs from AKR and DBA/2 mice did not demonstrate a difference in ACAT activity. 8 However, based on our current findings, the ACAT activity assay may not be reflective of cellular cholesterol esterification. Two in vivo phenotypes have been ascribed to the ACAT1 truncation in AKR mice: adrenocortical lipid depletion (ald) and hair interior defect (hid). The ald phenotype results in a loss of CE in the adrenal cortex of postpubescent AKR mice, which is much more pronounced in men than in women. 10 The hair interior defect results in the absence of ACAT1 expression in the premedulla, sebaceous glands, and hair interior of hair follicles.
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Inhibition of ACAT enzymes has long been recognized as an attractive therapeutic target for cardiovascular disease, and ACAT inhibitors have shown efficacy in reducing atherosclerosis in mouse models. 15, 16 However, Soat1 −/− mice did not show a reduction in atherosclerosis on either apoE −/− or Ldlr −/− backgrounds, and these mice had massive xanthomatosis. 17 Furthermore, Ldlr −/− mice with macrophage-specific deletion of Soat1 had an unanticipated increase in atherosclerosis. 18 It is worth noting that AKR mice on the apoE −/− background do not have xanthomas, and thus, the AKR Soat1 allele with its N-terminal ACAT1 protein truncation is not a phenocopy of the knockout allele. Theoretically, nonspecific ACAT inhibitors could have dual atheroprotective effects, where inhibition of ACAT1 would decrease foam cell formation, and inhibition of ACAT2 would decrease cholesterol uptake and LDL production. Unfortunately, ACAT inhibitor trials in humans have not shown efficacy in reducing plaque burden or attenuating adverse cardiac events in 3 independent phase 3 clinical trials, with macrophage FC toxicity posited as a primary reason for the disappointing results. [19] [20] [21] In these trials, the ACAT inhibitors acted on both ACAT1 and ACAT2. Additionally, in all 3 studies, there was an unanticipated rise in LDL cholesterol in treatment groups, and a positive correlation between LDL cholesterol levels and treatment dosage. Therefore, potential antiatherogenic effects of ACAT inhibitors may be partly offset by the rise in LDL cholesterol levels. Still, these trials cast significant doubt on the prospects of targeting ACAT enzymes as a cardiovascular disease therapeutic.
In 2007, the first selective ACAT1 inhibitor (K-604) was developed, which showed >200-fold affinity for ACAT1 versus ACAT2 and decreased atherosclerosis in hamster models. 22 K-604 was also shown to favorably alter atherosclerotic plaque phenotypes in apoE −/− mice. 23 Additionally, this compound was shown to be effective in ameliorating symptoms of Alzheimer disease in mouse models, where K-604 treatment was shown to increase autophagic flux and transcription factor EB-mediated lysosome biogenesis in cultured microglia cells. 24 This raises the interesting prospect that the rise in intracellular FC caused by the ACAT1 truncation in AKR macrophages may also result in the induction of autophagy and autophagosome-lysosome fusion, as cholesterol-enriched autophagosomes may have enhanced ability to fuse with lysosomes. 25 Our results suggest that small molecules that interact with the N terminus of ACAT1 may decrease CE accumulation and might be worth pursuing as a cardiovascular disease therapeutic.
Our laboratory has previously demonstrated that DBA/2 BMDM foam cells have diminished autophagic flux versus AKR BMDM foam cells, which may contribute to the decreased CE turnover and increased CE storage in the DBA/2 strain. 8 We specifically observed decreased autophagosome fusion with lysosomes in the DBA/2 cells. 8 On the basis of these data, genes involved in autophagy and lysosome function were expected to appear in our QTL intervals. Vps39 (vacuolar protein sorting 39) maps close to the Mcmm3 peak LOD marker on chromosome 2 and is one of our top candidate genes at this locus (Table III in the online-only Data Supplement). Vps39 has a strong BMDM cis-eQTL with an LOD score of 12.9, and its expression is higher in AKR BMDMs than in DBA/2 BMDMs. This protein is part of the homotypic fusion and protein-sorting complex that has been shown to mediate autophagosome-lysosome fusion in cultured cells, and siRNA knockdown of Vps39 blocked autophagic flux. 26 Thus, its lower expression in DBA/2 BMDM coincides with decreased autophagic flux.
Previous studies in our laboratory revealed atherosclerosis modifier loci on chromosomes 2 (Ath28), 15 (Ath22), and 17 (Ath26) for an AKR×DBA/2 strain intercross. 12 Given At the more distal end of chromosome 2, Lbp (lipopolysaccharide-binding protein) is an interesting Mcmm3 candidate. Lbp had a BMDM cis-eQTL in our previous study, with higher expression in DBA/2 versus AKR BMDMs. Additionally, Lbp harbors 3 nonsynonymous SNPs between the strains, one of which (Y284H) is predicted to be deleterious by PROVEAN software. Distal chromosome 2 displayed a robust QTL (Ath45, 157-165 Mb) for aortic root lesion size in an F2 cross of DBA/2×129S6 apoE −/− mice, 29 partially overlapping the Ath28 QTL. The investigators cite Lbp as a top candidate for Ath45, noting that the Y285H SNP (which occurs in the 129S6 strain) is located in a conserved lipid-binding site, whose alteration may affect protein function. Lbp was recently shown to increase macrophage LXR activity and promote macrophage survival and atherosclerosis in Ldlr −/− mice. 30 Another interesting aspect of the LBP protein is that it shares structural similarity to CETP (cholesteryl ester transfer protein) and PLTP (phospholipid transfer protein), raising the distinct possibility that LBP may bind more lipid species than just lipopolysaccharides, for example, phospholipids. 31 Additionally, LBP was recently identified as a novel, plaque-derived biomarker of atheroma released rapidly after plaque disruption. 32 The gene encoding Bpi (bactericidal permeability increasing protein) maps just distal to Lbp and also shares structural similarity with CETP, PLTP, and LBP. Bpi has 4 nonsynonymous SNPs between AKR and DBA/2, one of which was predicted to be deleterious by PROVEAN. It is of interest that a top candidate for Mcmm2 QTL is the Tlr5 gene, which along with Lpb and Bpi is another gene related to pathogen-associated molecular pattern function, suggesting that there may be an interaction between pathogen-associated molecular pattern signaling and cholesterol metabolism that remains to be elucidated.
Our study demonstrated that the 33 amino acid N-terminal ACAT1 truncation in AKR mice plays a significant causal role in macrophage cholesterol metabolism. How this truncation affects cholesterol metabolism remains unknown, but altered protein-protein and protein-lipid interactions is a plausible mechanism. Because we did not detect an effect of the ACAT1 truncation on Soat1 mRNA levels in our engineered ESDMs, additional genetic differences between the AKR and DBA/2 Soat1 locus must be responsible for the Soat1 eQTL that we previously reported. 13 Bioinformatic analysis of other Mcmm loci suggest that Vps39, Lbp, and other candidate genes are worthy of follow-up study to interrogate their potential role in macrophage cholesterol metabolism.
